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Biology, Faculty of Sciences, National University of La Plata, La Plata Buenos Aires, ArgentinaABSTRACT It is well known that proteins denature under high pressure. The mechanism that underlies such a process is still
not clearly understood, however, giving way to controversial interpretations. Using molecular dynamics simulation on systems
that may be regarded experimentally as limiting examples of the effect of high pressure on globular proteins, such as lysozyme
and apomyoglobin, we have effectively reproduced such similarities and differences in behavior as are interpreted from exper-
iment. From the analysis of such data, we explain the experimental evidence at hand through the effect of pressure on the change
of water structure, and hence the weakening of the hydrophobic effect that is known to be the main driving force in protein folding.INTRODUCTIONThe hydrophobic interaction is of paramount importance for
the stabilization of many biological components and plays
a decisive role in the folding of proteins (1). The interpreta-
tion of this effect was based traditionally on the oil-in-water
model (2). However, the model appears to fail under applied
pressure, which produces protein denaturation (3). In this
study, we show that there are no contradictions between
the model and the results, at any pressure, and we clarify the
actual driving mechanism of denaturation by pressure.
The hydrophobic effect is an important case of what are
usually referred to as entropic forces. It arises from the differ-
ence in density between the open order arrangement of water
in the neighborhood of a nonpolar surface and the more
disordered water structure in the bulk. The effect of pressure
is to strongly modify the structure of water, bringing these
two structures together. This decreases the entropic gain of
minimizing the exposed nonpolar surfaces to the solvent,
and eventually kills completely the hydrophobic interaction,
with the consequent denaturation of the protein. We have
been able to see this mechanism in action by the use of
molecular dynamics (MD) simulation. Two hydrated pro-
teins, apomyoglobin and lysozyme, were studied at different
applied pressures. Our results show that there is a direct
correlation between the denaturation of these proteins and
the loss in hydrophobic interaction as direct consequence
of the changes in water structure.
The modern concept of hydrophobic interaction was
formulated by Kauzmann in 1959 (1). It constitutes the
dominating interaction in the protein folding process.
The proposed explanation of hydrophobic interaction, in
terms of an increase in the entropy of the system due mainly
to the contribution of water, was widely accepted shortly
after its proposal, although the experimental demonstrationSubmitted July 26, 2009, and accepted for publication December 7, 2009.
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surface induces a rearrangement of water, favoring a low
density tetrahedral structure. Association of nonpolar solutes
reduces the surface exposed, changing the water structure
into a more compact and less ordered state with a conse-
quent increase in entropy that makes this association stable.
A simple thermodynamic analysis of the effect of pressure
says that the equilibrium constant of a process K is given by:
vðlnKÞ
vp

T
¼ DV=RT; (1)
where DV is the volume change, R is the universal gas
constant, T the temperature, and p the pressure.
According to Eq. 1, the application of pressure would
favor a process that results in a decrease of the system
volume (DV negative). This is precisely the case in hydro-
phobic interaction, where water in the neighborhood of the
nonpolar surface shifts from a low to a high density state.
This simple thermodynamic analysis leads us to the expecta-
tion that the hydrophobic interaction would be enhanced
by pressure. Experience does not confirm this expectation:
although the hydrophobic interaction is indeed enhanced
by the application of moderate pressures, it is eventually
weakened at higher pressures (3). This apparent paradox is
resolved easily if we study in some detail the properties of
water itself.
Water exhibits some peculiarities in its behavior that
single it out from most liquids, the so-called anomalies (7).
This peculiar behavior is due to its distinctive structure.
Experiments show that at high pressure most of these unique
characteristics are lost (8). Because most properties of water
are due to the existence of a hydrogen bond network, the
changes are interpreted as evidence of a change in the
structure, moving from an open thetrahedrical structure to
a compact hexagonal one. Water diffusion (9), neutron scat-
tering (10), and small-angle x-ray diffraction (11) confirm
this hypothesis.doi: 10.1016/j.bpj.2009.12.4298
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depleted. Thus, the hydration environment of nonpolar
substances will be comprised mostly of high density water.
As a consequence, the association of nonpolar particles,
and the concomitant release of the nonpolar hydration shell
back to the water bulk state, no longer offers a thermody-
namic (entropic) gain and, therefore, will not be favored
by high pressure.
Although the change in water structure from open thetra-
hedral coordination to a compact hexagonal one is accepted
in general and qualitative terms, the actual pressure at which
the transition from one structure to another becomes notice-
able remains under discussion.
The behavior of water viscosity with pressure shows an
initial decrease, reaching a minimum value <2 kbar, after
which it shows a permanent increase, and from this point
on, it shows a behavior much like that of a regular liquid
(12). Trace diffusion results (9) show a change in slope
from a decreasing to an increasing diffusion coefficient value.
In this study, the change in behavior is visible ~1.5 kbar.
More conclusive results are due to measurements of the
self-diffusion coefficient using the pulsed gradient spin-
echo technique by Prielmeier et al. (13). The main con-
clusion, referring to our point or interest, is that rotational
diffusion is enhanced much more strongly by pressure than
translational diffusion. This is explained by the fact that the-
trahedrical structure constrains molecules in a well-defined
orientational state, whereas under pressure the number of
first neighbor’s increases as the tetrahedrality is broken
down. The effect is observed from 243 K to 363 K and
appears <2 kbar.
Inelastic x-ray scattering studies of water (11) have found
that ‘‘discernible pressure-dependent effects include a slight
increase of the pre-edge intensity and the shifting of the main
edge toward higher energy at 0.25 GPa’’ (11). These changes
in the near-edge structure in liquid water have been inter-
preted as caused by an increase in uncorrelated hydrogen
bonds in water induced by pressure.
The evidence mentioned above convinces us that the
effect on water structure, and hence on hydrophobic effect,
is present from 3 kbar.
As the very nature of the hydrophobic effect relays on the
existence of an open tetrahedral structure, such crucial
changes in the solvent structure under pressure alter the
hydrophobic effect, becoming greatly weakened at high
pressures. The hydrophobic effect plays a key role in the
stability of proteins. It is therefore natural to consider that
the conclusion stated above should be highly significant
when considering the effect of pressure on the structure of
proteins.
The thermodynamic analysis of the process of unfolding is
usually done with the expressions given by Hawley (14),
Smeller (15), and Wiedersich et al. (16). This approach,
used to derive the expression for free energy of denaturation,
assumes constant values of the partial derivatives of volumeand entropy with temperature and pressure. However, not
only do these values not remain constant, but their change
is not linear. Moreover, water properties exhibit a drastic
change when crossing the barrier of ~2 kbar. Clearly,
a complete and comprehensive thermodynamic description
of protein denaturation under pressure is yet to be achieved.
Alternatively, methods that offer detailed information
with atomistic resolution may offer a different perspective
that can help to shed some light on the overall picture.
Simulation techniques such as Monte Carlo (17), replica
exchange (18), and other mean field theoretical methods
(19), although lacking in time correlation, have proven
very valuable due to their enhanced sampling power, also
contributing to evidence many molecular and energetic
aspects still inaccessible to MD. Although computer power
has increased enormously in the last decade, achieving the
pressure-induced completely unfolded state of a globular
protein, such as apomyoglobin, through classical MD
remains out of reach.
Nevertheless, MD simulation has proven to be notably
successful at accurately predicting experimental results that
lay much outside the elapsed simulated time, besides
describing the time correlated details regarding the onset of
the cold denaturing process (20).METHODS
We carried out the MD simulations using the GROMACS 3.2.1 package
(21–23). We used all-atoms force field (24,25) for the minimization process,
as well as for all the MD simulation steps and kept all protein bond lengths
constrained using the LINCS algorithm (26). Water molecules were
constrained using the SETTLE algorithm (27). For the calculation of electro-
static forces we applied the reaction field method. Lennard-Jones interac-
tions were calculated within a cut-off radius of 1.4 nm.
For all the simulation runs we have used a Xeon-based, dual-processor
cluster, running under GNU/Linux and for all plots and graphics MS
Windows or GNU/Linux, using the reference Visual MD package, Swiss
PDB Viewer, or XGrace software.
As starting configurations for apomyoglobin we have used the high and
low pressure crystal structures for sperm whale myoglobin (PDB codes
1JP8 and 1VXD, respectively) and generated the topology using the
PDB2GMX tool, with standard pH 5.0 amino acid protonation states and
removing all nonprotein residues.
The SPC/E (28) water model was used for both high and low pressure
systems. This model has been extensively tested to carry out appropriately
under a variety of conditions. Recently, particular attention has been drawn
to its correct performance regarding the hydrophobic effect. Namely, it has
been tested for the solvation of amino acids analogs (29), resulting the best
of the water models tested for three different force fields, including the one
used here. Additionally, it has been found to satisfactorily reproduce exper-
imental behavior under high pressure conditions, as is shown in a recent
systematic study on PVT properties, under a wide range of temperature
and pressure conditions, showing remarkable agreement with the most
recently published high-pressure experimental data, with errors <1.0% (30).
The starting system consisted of a cubic simulation box of X ¼
7.19617 nm, Y ¼ 7.19617 nm, and Z ¼ 7.19617nm, with a total volume
of 372,653 nm3, containing one apomyoglobin molecule and 11,663 water
molecules.
After equilibration at 1 kbar we carried out a 180 ns long MD simulation
for both the 1 bar and 3 kbar systems. All of the analysis corresponds to theBiophysical Journal 98(8) 1626–1631
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Berendsen thermostat (31).
The root mean-square deviation (RMSD) reference structures and normal-
ization method were produced as follows. On equilibrating both the high and
low pressure systems during a period of 10 ns, the last ns of this period for
each simulation run was analyzed to produce appropriate reference struc-
tures (i.e., the average structure for the 9–10 ns simulation period) for the
whole protein, as well as reference standard deviation values (i.e., root
mean-square fluctuation) for the a-carbons of the protein.FIGURE 2 Normalized RMSD (average over all a-carbon atoms of the
protein during the whole simulation). The RMSD of the position of a-carbon
atoms of the protein along the simulation time shows that at 1 bar the protein
remains fluctuating around a homogeneous structure, whereas at 3 kbar
a monotonic deviation from the initial structure may be observed. For a better
comparison of the high and low pressure RMSD, data has been normalized
with the standard deviation values on the ns scale for each system respec-
tively.RESULTS AND DISCUSSION
To focus the study on the effect of pressure in the changes on
hydrogen bond network, one can follow such changes by the
analysis of hydrogen bonds (HB) distribution using MD
simulation.
Fig. 1 shows the distribution of hydrogen bonds in water
at 300 K and 1 bar, 3 kbar, and 10 kbar. At these values of
temperature and pressure, water remains in the liquid state.
Most hydrogen bonds are distributed between the states of
three and four hydrogen bond per water molecule. We can
note that, as pressure increases, the number of four HB per
molecule decreases, raising the population number for three
and five, respectively. Although this phenomenon is most
noticeable at 10 kbar, it becomes already visible at 3 kbar,
showing that the weakening of HB networking is already
present. Such changes in water structure are well known
(32–34) and their consequences on the hydrophobic effect
quite relevant.
Thermodynamically, this change in water structure as
a function of pressure means that when computing the free
energy of interaction of nonpolar substances in water we
must include a term that takes into account the change inFIGURE 1 Hydrogen bond distribution of SPC/E water at 300 K at: 1 bar
(black), 3 kbar (dark gray), and 10 Kbar (light gray), as obtained by MD
simulation. We can observe an increase in three and five HB/mol coordina-
tion states, at the expense of four HB/mol, with the rise in pressure.
The criteria used to consider the formation of a hydrogen bond was an
OHO angle along the bond not <145, and an O–H distance not
>0.24 nm. The error bars have not been incorporated because they are unde-
tectable visually.
Biophysical Journal 98(8) 1626–1631entropy with pressure not as in a uniform media, but consid-
ering the intrinsic contribution of the structural change.
Previous studies by MD of Lennard-Jones particles in
SPC/E water (28) at different conditions of pressure and
temperature (35) have qualitatively described the experi-
mental behavior of simple hydrophobic substances in water,
as would be expected from the weakening of the hydrogen
bond network.
Long MD simulations on apomyoglobin allowed us to
follow the process of denaturation by pressure. Fig. 2 shows
the average RMSD of the protein a-carbon atoms as a func-
tion of time at pressures of 1 bar and 3 kbar. The time depen-
dence of the RMSD gives us information about the structural
stability of the molecule. Analyzing the simulation at 1 bar
we can see that the protein fluctuates around a homogenous
structure. At 3 kbar, a notorious deviation from the initial
structure is seen after the first 20 ns and continues to change
in multiple steps during the complete run (180 ns). This
shows that the protein structure has changed but indicates
nothing about the denaturation mechanism.
The evolution of the solvent accessed surface (SAS)
suggests the nature of denaturation under pressure. Looking
at the evolution of the hydrophobic and hydrophilic SAS
(Fig. 3) it becomes clear that their behavior distinctly differ.
Whereas at 1 bar both surfaces fluctuate around a relatively
stable average value, at 3 kbar the hydrophobic SAS shows
a constant increase rate.
We have observed the same phenomenon for lysozyme
in which, under pressure, the relative hydrophobic area
increases, producing an inversion of the hydrophilic/hydro-
phobic area ratio (36). Fig. 4 displays the Connelly (37)
FIGURE 3 (a) Hydrophobic and (b) hydrophilic SAS: 1 bar (solid line);
3 kbar (dotted line). The horizontal lines (– $ – $) correspond to 1 bar
average. We can see that both surfaces at 1 bar fluctuate around a relatively
stable value, but the 3 kbar surfaces do not. Although the 3 kbar hydrophilic
surface behavior does not allow for any definite conclusion, the constant
increase rate in the hydrophobic SAS along the total run shows the wakening
of the hydrophobic interaction, which in turn leads to protein unfolding.
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and high pressure average structures. Looking at the upper
part of the figures we can observe that a crevice has appeared
on the high pressure structure, which does not exist in the
structure at 1 bar. This crevice allows water to come in
contact with regions that were previously part of the native
protein core, and therefore totally inaccessible to the solvent.
MD allows us to follow the process as a function of time and
see that the opening of the crevice starts slowly, thus gradu-
ally exposing the protein interior to the solvent. However,
the crevice does not account for the total hydrophobic SAS
increase. Many hydrophobic groups tend to protrude from
the surface as well, thus contributing to the total hydrophobic
SAS increase.
The hydrophobic effect is not a force in the regular sense
of the word, but rather a selection of different thermody-
namic states. This interaction becomes apparent when a
collision of nonpolar particles takes place. The contact ofFIGURE 4 Connelly surface of apomyoglobin. (a) 1 bar. (b) 3 kbar.
The color surface corresponds to the electrostatic potential: gray charged,
white neutral. This surface is computed rolling a sphere of radius equal to
that of a water molecule along the protein, thus evaluating the molecular
area accessible to the solvent.hydrophobic groups is maintained both by dispersion forces
and entropy gain. Although on the change in solvent struc-
ture the entropy gain is immediately lost, the contact will
be kept by dispersion forces, until thermal effects finally
overrun this weak interaction. Movements of large protein
domains are slow, and their opening and closing motions
present a characteristic time that may reach up to 100 ns
(38). In a regular situation the hydrophobic effect will help
to close an interdomain opening, but the lack of hydrophobic
interaction will allow it to remain open, thus altering the
overall structure.
The effect of pressure may be different when we have a
tightly bound structure (e.g., disulfide bonds covalently sta-
bilizing interdomain interactions) with few readily exposed
nonpolar residues. In such a case pressure will cause a
general compression of the structure and, unless the protein
is otherwise perturbed (either thermally or through the
addition of a chemical chaotropic reagent), it will keep its
compact conformation. In this situation denaturation would
be triggered by any important structural perturbation.
This is exemplified perfectly when comparing the conse-
quences of high pressure on apomyoglobin and lysozyme.
They can be regarded as examples of the limiting behavior
for globular proteins under pressure. Lysozyme has four
disulfide bonds (roughly one bond every 30 residues)
whereas apomyoglobin has none (for a total of 153 residues).
Although lysozyme is structurally affected by pressure, it
keeps a defined structure within the global native fold, which
allows for the observation of such changes to be described,
both by NMR experiments (39) and simulation (36). Apo-
myoglobin, on the contrary, is continuously changing,
probably toward a completely unfolded state, as is shown
experimentally (40) and in these results (preliminary results
can be seen in McCarthy and Grigeria (41)).
Assuming that proteins under pressure denature because
of the weakening of the hydrophobic effect, comparison
may be made between the behavior of proteins and simple
nonpolar solutes under pressure. If this approach is taken
with a naı¨ve interpretation we will face a serious contradic-
tion (42). In proteins, volume changes on unfolding are posi-
tive at low pressure and negative at high pressure, whereas
simple nonpolar solutes show the opposite behavior, i.e.,
the DV of transfer from a nonpolar environment to water is
negative at low pressure and positive at high pressure.
At low pressures the negative value of the excess volume
for the transfer of hydrocarbons from nonpolar medium to
water is due mainly to the packing effect (43), because
nonpolar molecules are able to accommodate relatively
well when surrounded by low density state water. Thus,
packing effects are expected to overrun the positive contribu-
tion of the hydrophobic hydration. At higher pressures, due
to the modified water structure, the transfer is made to a water
medium depleted in its low density state.
Water in the vicinity of nonpolar groups shows a
much higher compressibility than that of both hydrophilicBiophysical Journal 98(8) 1626–1631
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pressure conditions, the exposure of the hydrophobic core
of a globular protein to the solvent naturally results in
a decrease of the volume of the system. Thus, the unfold-
ing/denaturing process will be favored.
Two phenomena are present under high pressure: the
weakening of hydrophobic interaction as a driving force to
start the process and a decrease in the volume of the system
as the hydrophobic core is exposed. This process leads to
a tighter packing of water around nonpolar molecules (46)
and an increase in the nonpolar surface accessible, as is
shown in Fig. 3.
The increasing of nonpolar solvation is not a unique
feature of high pressure denaturation, it is also a common
feature of cold denaturation (47,48).
Moderate pressures do not produce full unfolding of pro-
teins and, although the protein may lose activity due to struc-
ture changes, almost no exposure of hydrophobic groups is
produced. It should be noted that the system volume change
is not always positive (3).
The volume change has contributions due to the exposure
of polar and nonpolar groups, electrostriction, and elimination
of cavities. At high pressure the hydrophobic effect, the main
factor in maintaining native structure, decays. Even under the
complete absence of hydrophobic interactions, the hydro-
phobic groups cannot be freely transferred from the protein
interior to the solvent, because they are not isolated, like in
the case of simple solutes, but connected to the amino acid
chain and subject to geometrical constraints.
It has been shown recently that different regions of glob-
ular proteins show different sensitivities to pressure (49,50).
Equally, studies with cavity-creating mutations (3,51,52)
have suggested that the elimination of internal voids may
be the predominant contribution to negative value of DV in
most proteins; therefore volume changes as a function of
pressure cannot be assigned to a single process.
Hayakawa et al. (53) have studied the denaturation
of ovalbumin, bovine serum albumin, and b-lactoglobulin
using spectrofluorometry, specific rotation analysis, and
differential scanning calorimetry, by action of pressure and
chaotropic reagents, such as urea and guanidine hydrochlo-
ride. The effect of pressure, is detected at 2 kbar, and is
similar to that produced by the cleavage of the hydrogen
bonds by the chemical agents.
We have already mentioned the behavior of lysozyme that
presents a native-like conformer at 3 kbar, whereas at the same
pressure apomyoglobin starts to unfold. This is not a surprise
because in the first case we are dealing with a protein that has
four disulfide bonds, which tightly restrain conformational
changes in the overall tertiary fold. The latter case not only
lacks disulfide bonds but also has its prosthetic heme group
removed. rendering a much less stable native fold. Therefore,
it is not possible to define a critical pressure for any globular
protein because the denaturation effect will depend on the
structural characteristics of each particular case.Biophysical Journal 98(8) 1626–1631We can conclude that the main driving force of protein
denaturation at high pressures is the decrease of the hydro-
phobic effect as a consequence of the changes in water struc-
ture, without contradicting any of the current theories on the
hydrophobic effect.
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